assumed that the effect of uncoupling on the load dominates over the effect of uncoupling on the source. This nonsymmetrical effect can be explained by local differences in the characteristics of depolarizing current flow in the strand versus the expansion: current flow in the strand is highly parallel, resulting in a planar activation wavefront, but it fans out into the expansion, giving rise to a curved activation wavefront. As suggested by recent computer simulations (14, 15) , this difference in dimensionality of depolarizing current flow has the consequence that uncoupling has a smaller effect on the current source (reduction in one dimension) than on the current load (reduction in two dimensions), thus favoring the establishment of successful conduction. Even though the findings of this study are based on two-dimensional preparations, they are valid for three-dimensional tissue as well (15) .
The results presented show that if a cellular network contains structural discontinuities, the modification of intercellular electrical coupling can have effects on impulse propagation that are largely different from those encountered in linear or continuous excitable structures. In general, the results show that a decrease of diffusion can support propagation of activation in discontinuous excitable media. For cardiac tissue, this might have the consequence that uncoupling, which is known to be involved in the generation of clinically relevant cardiac arrhythmias (6) , might also exert anti-arrhythmic effects; even though cellular uncoupling induces an arrhythmogenic slowing of conduction, the possibility of a concurrent suppression of unidirectional conduction blocks in tissue regions with discontinuous structures would, contrary to present expectations, decrease the probability of occurrence of reentrant excitation.
OR), and propagating action potentials were elicited at a basic cycle length of 500 ms with extracellular stimulation electrodes at a distance of Ͼ1 mm from the recording area. Changes in transmembrane voltage were monitored with a system for multiple site optical recording of transmembrane voltage with a total of 80 detectors. Optically recorded signals at a given site were normalized to signal amplitudes measured at the same site during control retrograde propagation. If an average action potential amplitude of 100 mV is assumed, the values of these normalized signals translate directly into millivolts. Activation times were determined from the time when the signal at a given site reached 50% of the full amplitude [S. Rohr (3, 4) . These glial Ca 2ϩ waves have been observed only in dissociated cell (3-7) and organotypic (8) culture preparations, which differ from cells in situ in several respects (9) . Because these waves may represent a form of intercellular signaling in the CNS (5) and can potentially modulate neuronal activity (10, 11), we tested whether Ca 2ϩ waves occur in situ in glial cells of acutely isolated rat retina.
The rat retina contains two types of macroglial cells: astrocytes, which form a two-dimensional syncytium at the vitreal surface of the retina, and Müller cells, which are radial glial cells whose end feet terminate at the vitreal surface and whose trunks project downward into the retina (12). We detected [Ca 2ϩ ] i in these cells with the fluorescent Ca 2ϩ indicator dye Calcium Green-1 (13) . The vitreal surfaces of flat-mounted retinas were imaged with video-rate confocal microscopy (14). Both astrocytes and Müller cells incorporated the dye and were identified by their morphology (Fig. 1A) .
Stimulation of a single astrocyte evoked increases in [Ca 2ϩ ] i in the simulated cell and in neighboring astrocytes and Müller cells. This Ca 2ϩ response propagated outward from the site of stimulation as a wave across the retinal surface (Fig. 1, B to D) . Chemical, electrical, and mechanical stimuli were all effective in initiating Ca 2ϩ waves. Pressure ejection of adenosine triphosphate (ATP) (200 M), carbachol (1 mM), or phenylephrine (100 M) from micropipettes onto astrocyte somata initiated Ca 2ϩ waves. In contrast to findings in cultured cells (2, 5, 15) , local ejection of glutamate (2 mM) or its application in the waves were nearly identical regardless of the stimulus used to initiate them, suggesting that once initiated, the waves were all propagated by the same mechanism. The velocity [measured from wavefront images ( for several minutes (Fig. 2) . During this refractory period, stimulation at the same site initiated a weak, local response or no response at all. However, stimulation of another astrocyte close to the refractory cell initiated a large Ca 2ϩ response in the surrounding glial cells (in all 13 trials conducted), demonstrating that these cells were capable of conducting a propagated Ca 2ϩ wave. The propagated increases in [Ca 2ϩ ] i in astrocytes and Müller cells apparently arise largely from the release of Ca 2ϩ from internal stores, mediated by an inositol 1,4,5-trisphosphate (IP 3 ) receptor, rather than from an influx of extracellular Ca 2ϩ . Normal Ca 2ϩ waves were observed when no external Ca 2ϩ was present (Fig. 3, A and  B) . In contrast, bath application of thapsigargin (1.5 M, for 10 to 16 min), which depletes internal Ca 2ϩ stores (16) , reduced the Ca 2ϩ response (Fig. 3, C and D) . The Ca 2ϩ response was also reduced in cells in which IP 3 receptors were blocked by heparin (17) introduced into the cells through a patch pipette (18) (Fig. 3, E to G) . Astrocytes and Müller cells near heparin-filled cells showed normal Ca 2ϩ responses as Ca 2ϩ waves swept past. In contrast, the Ca 2ϩ response of heparin-treated cells (after 15 min of dialysis) was reduced to 18.7 Ϯ 7.8% (n ϭ 12) of untreated neighboring cells, whereas the Ca 2ϩ response of control cells, dialyzed with patch pipette solution without heparin (for an average of 20 min), was 80.3 Ϯ 27.2% (n ϭ 6) of untreated neighbors. The reduction caused by heparin was significantly greater than that caused by dialysis without heparin (P Ͻ 0.0001, Student's unpaired t test).
The electrophysiological consequences of propagated Ca 2ϩ waves were examined.
Waves evoked little change in cell membrane potential or input resistance in glial cells, which were monitored in whole cell, current-clamp recordings. Ca 2ϩ waves elicited by ejection of ATP were associated with weak depolarizations: 0.15 Ϯ 0.20 mV (n ϭ 19; P Ͻ 0.005, one-population t test) in astrocytes and 0.16 Ϯ 0.13 mV (n ϭ 20; P Ͻ 0.001) in Müller cells. Electrical and mechanical stimuli did evoke depolarizations as large as 37 and 8 mV, recorded from astrocytes and Müller cells, respectively. These responses probably represented depolarizations conducted electrotonically from the stimulated cell because (i) the depolarization often occurred before the arrival of the Ca 2ϩ wave, (ii) the depolarization was sometimes observed even when the Ca 2ϩ wave failed to reach the cell, and (iii) the amplitude of the depolarization declined rapidly as the distance between the stimulation site and the cell increased.
Our results demonstrate that glial cells in freshly excised CNS tissue support the propagation of Ca 2ϩ waves. The Ca 2ϩ waves we observed resemble those in cultured cells in some respects. The waves have similar propagation velocities (2, 5, 7, 8) and both are generated by the release of Ca 2ϩ from internal stores (2, 4, 7) , mediated, at least in part, by IP 3 receptors (19) . In contrast to cultured cells (2, 5) , however, astrocytes in the retina were unresponsive to glutamate and did not exhibit oscillations in [Ca 2ϩ ] i when stimulated. Our results further suggest that the propagation of Ca 2ϩ waves through astrocytes and Müller cells is linked. Such linkage is consistent with the findings of chemical tracer studies (20) , which show that astrocytes and Müller cells are coupled. The synchronous spread of Ca 2ϩ waves in these cells suggests that, as waves spread outward through the astrocyte syncytium, they may secondarily propagate into Müller cells directly coupled to the astrocytes.
The propagation of calcium waves through a glial syncytium represents an extraneuronal signaling pathway that may influence neuronal activity (10, 11) . The absence of membrane potential changes suggests that Ca 2ϩ waves do not lead to the voltage activation of ion channels in glial cells, which have been postulated to influence potassium buffering and neurotransmitter uptake (1) . But an increase in [Ca 2ϩ ] i within glial cells could lead to the release of neuroactive substances (10, 21) and to the modulation of neuronal activity. SCIENCE ⅐ VOL. 275 ⅐ 7 FEBRUARY 1997 ⅐ http://www.sciencemag.org lagenase/dispase (2 mg/ml) and deoxyribonuclease (DNase) (0.1 mg/ml) for 12 to 20 min before removal of the vitreous humor, then incubated in Calcium Green-1 AM (33.3 mg/ml; Molecular Probes) and pluronic acid (4.7 mg/ml) for 1 hour at room temperature, mounted onto nitrocellulose filters, and secured in a chamber perfused at ϳ3 ml/min with HCO 
